Safety and health concerns about the use of formaldehyde based thermosets has sparked investigation into alternative, safe thermoset binders. Predicting the performance of thermosetting binders in industrial nonwoven applications, such as the manufacturing of fiberglass building insulation, is key to the development of new, safe binder technology. Reliably predictive laboratory scale experiments facilitate rapid testing of small quantities of experimental binder formulations without the cost and inconvenience associated with full-scale plant trials. The challenge is to mimic key aspects of the industrial process on the laboratory scale. The gap between laboratory and manufacturing environment is exacerbated when making large changes in resin chemistry or formulation, for example, using acrylic thermoset resins such as TSET#1™, in place of phenol-formaldehyde resins. We have developed a battery of laboratory scale tests to assess acrylic thermosetting binders in a fiberglass insulation process. These methods focus on binder cure properties, binder-substrate interactions, or other processing aspects. Aspects of testing such as surrogate substrate materials, time-temperature history, and humid aging are discussed. Each method provides an insight to one aspect of binder performance, and, taken in aggregate, the data from these techniques can be used as a tool to predict binder performance on the plant scale.
Introduction
Thermosetting binders are typically used to impart shape and strength to nonwoven fibrous materials. Far and away the most common thermosetting resins used in industry are formaldehyde-based resin systems, including phenolformaldehyde (PF), urea-formaldehyde (UF), and melamineformaldehyde (MF). Phenol-formaldehyde based resins are ubiquitous in industrial processes. Applications for phenolic resins also include coatings, adhesives, carbonless copy paper, molding compounds, bonded and coated abrasives, friction materials, foundry resins, laminates, air and oil filters, wood bonding, fiber bonding, composites, spherical fillers, and fibers. Unfortunately, the inherent reactivity which makes these systems excellent binders also makes them dangerous to human beings
The safety hazard ratings for PF resins typically indicate risks levels of 3-4 (high to extreme) for toxicity, 2 (moderate) for flammability, and 3 (high) for reactivity. The National Institute for Occupational Safety and Health (NIOSH) recommends formaldehyde be handled as a potential occupational carcinogen, and that appropriate controls be used to reduce worker exposure. Recently, the International Agency for Research on Cancer (IARC) has classified formaldehyde as a known human carcinogen.
Acrylic thermosets are a safe, attractive alternative to formaldehyde condensates. This chemistry produces bonded materials with excellent mechanical properties. One such thermoset (Figure 1 ) consists of an acrylic polymer based resin with a polyol crosslinker and phosphorous-containing catalyst. The polyacid forms a polyester network via a condensation reaction . Although the polyacid depicted in Figure 1 is poly(acrylic acid), a variety of polycarboxylates including acrylic-maleic, acrylic-methacrylic and combinations with various styrenics can also be utilized. Similarly, the polyol can be varied to include polyols from natural sources such as, hydrolyzed fats and oils, reduced sugars and other carbohydrates (i.e. glycerine and mannitol). Alternately, polyols derived from commodity industrial processing such as, triethanolamine (ammonia and ethylene oxide) also have utility in this chemistry. Polyols used in commercial formulations include triethanolamine and glycerine.
In addition to the obvious contrast in terms of health and safety, acrylic thermosets also have different reactivites and processing characteristics. Understanding these differences is key to optimizing binder formulations. For mature industries which have developed around phenol formaldehyde tech-
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Changes in the binder system can profoundly impact both the manufacturing process as well as the properties of the finished article. In some cases, it is possible to mimic the industrial process on the lab scale; in others, such as the fiberglass insulation process, it is not possible to accurately mimic the process on a small scale.
Plant trials offer compelling evidence of the impact of binder changes. However, using the plant as a laboratory can be expensive both in terms of the raw materials necessary and of the opportunity cost of not using line time to produce commercial material. Depending on the manufacturing environment, it may also be difficult to control or measure processing variables with scientific rigor.
Incremental changes in binder formulations can often be implemented fairly easily with little impact to the overall process. For example, while changes in pH, extender level, or adjuvant usage will change final product performance, the impact on processibility may be small.
Step changes in resin chemistry, however, may require more attention. For example, industrial processes for manufacturing fiber glass building insulation were developed around phenol-formaldehyde binder technology. Moving to safer, greener technologies such as acrylic thermosets necessitate revisiting many aspects of the process. Such fundamental changes in binder technology are not "drop-in" solutions.
Fiberglass Building Insulation
In fiberglass building insulation thermosetting resins and bottom conveyer [26] . Chamber [22] is preferably multi-zoned and intended to dry and cure the binder on the wool pack.
impart mechanical strength to high air void fraction fiberglass batts and blankets. These high loft materials are compressed for shipping, but the strength of the thermoset allows them to recover their dimensions when removed from packing for installation. The thermoset binder imparts loft and rigidity on to this fibrous network. The air voids between fibers lower the thermal conductivity of these materials thus extending the thermal value of fiberglass as an insulating material. The joining of glass fibers to produce a fiberglass blanket is shown in Figure 2 . Thermosetting resins are added to fiberglass early in the manufacturing process. Initially, the desired glass composition is formulated and melted at about 1500°C. The molten homogenous stream of glass is shaped into fibers. Typically, the molten glass is drawn through a fiberizer while thermally pliable at extremely high temperatures. Fibers are cooled by spraying freshly formed cascading fibers at approximately 400°C with water containing a binder formulation. To further cool the fibers prior to binder addition, an overspray can be used. The overspray may contain components of the formulation such as an acid activated adhesion promoter (e.g. silanes). The advantage of an overspray at this point would be to both cool and functionalize the freshly formed fiberglass surface improving binder adhesion. Next, the cooled fibers are randomly dropped on a conveyor in the forming chamber and transported into a curing oven where the glass fiber blanket coated with thermoset binder is cured.
The processing history of thermosetting binder can be described in terms of temperature, percent solids, and a reaction parameter. The binder is applied at ambient conditions at some low solids level (<20%), loses some water during initial application onto hot glass, and is finally completely dried. For systems such as phenol formaldehyde, the thermosetting reaction likely begins at the point of applications. Uncontrolled early reaction is known as "precure" and results in poor binding properties.
For acrylic thermoset binders, the reaction does not begin until the dilution water is evaporated. Even the though thermosetting reaction does not occur until the blanket has been dried in the oven, the binder will offer some mechanical properties during intermediate stages of drying due to molecular entanglements of the polymeric binder. Figure 3 shows how solids, temperature and extend of reaction might vary along the line for a PF type binder versus and acrylic thermoset binder. The flow properties of the binder are important throughout the glass fiber insulation process. As shown in Figure 3 , the binder formulation is initially sprayed at low solids (<20%) in the fiberizer sections. Droplet formation and flow during spray will be strong functions of viscosity and surface tension. As droplets commingle with fibers in the veil, and ultimately on the belt conveyer, resin-glass interactions become important. As the uncured wool pack enters the curing oven, the resin is at higher solids and will serve to create junctures between fibers as the wool pack is compressed.
Surface tension is also an important player in the application of binders and their mobility on the glass surface. While droplet formation in the spray head will be dominated by the liquid-vapor surface tension of the solution, the behavior of the binder on glass is more complicated. Figure 4 shows two glass beads bridged by a droplet of dilute binder. The contact angle is a function of liquid-vapor, liquid-solid, and solidvapor surface energies (Young's Equation) and the force is a function of both contact angle and drying time (Lokos, 2002) . This experiment can be used to model fiber droplet interactions which would occur for example, in the fiberizer chamber as droplets dry down on the glass fibers.
Thermosets undergo curing or crosslinking reactions at elevated temperatures. Cure is typically measured as function of time and temperature. Depending on the method of analysis, different time temperature-profiles are used. Several such profile are overlaid in Figure 5 . DSC and torsional braid DMA experiments often use a temperature ramp with some fixed heating rate, e.g. 10 K/min. In some instruments, isothermal experiments can be run, but usually with some characteristic time for reaching temperature equilibrium. Temperature overshoot is often seen as well. Curing small samples in a wellcontrolled convection oven allow for a more precise curing profile, but do not allow any measurements to be taken while Dynamic mechanical experiments are a useful way to measure cure. A small angle oscillatory strain is applied to a reacting sample and the resultant stress is decomposed into an "in phase" (G', solid-like response) and "out of phase" component (G', liquid-like response). The phase angle by which the stress response lags the strain is known as delta, d, and tan (d) is the ratio of G":G' For small applied strains, the system can be measured continuously through the liquid-solid transition. Other parameters such as zero shear viscosity or equilibrium modulus could also be measured, but each diverges in the vicinity of the liquidsolid transition. This transition is also know as the "gel point." It is believed that at the gel point, the reacting sample has reached a level of connectivity on the length scale of the sample. This "percolation threshold" is shown schematically in Figure 6 . Dynamic mechanical measurements can be conducted over a range of frequencies to characterize viscoelastic behavior at various time scales. For reacting systems, the frequency dependence of G' and G" can be used to precisely define a gel point using the Winter-Chambon criteria, where G' and G" w0 and G'>G" (Winter, 2002) . Conducting dynamic mechanical experiments over a range of frequencies is problematic for reacting systems as the experimental time necessary for low frequency measurements is often longer than the time scale of the reaction. One compromise is to measure at only one frequency and use a modified criteria or G' = G" or tan (d) = 1 also known as the "crossover time" (Tung, 1982) . This definition of the gel point is frequency dependent, and lacks the elegance and physical significance of the Winter-Chambon criteria, but is We have applied this crossover time method to acrylic thermoset systems under isothermal cure conditions. Samples are loaded into a parallel plate rheometer at 130°C and probed at a frequency of 6.28 rad/s. Cure time is defined as the crossover point of G' and G". Figure 7 shows data collected during an isothermal cure experiment for a noncrosslinking and a crosslinking system. While the noncrosslinking system shows some development of properties with time, there is no G'-G" crossover as in the crosslinking system. Figure 8 shows how crossover time varies with pH for an acrylic thermoset.
The isothermal rheological tests probe binder properties in the absence of a glass substrate. In commercial application, the binder is sprayed on glass or composite substrates. In fiberglass manufacturing, it is thought that the binder droplet flows along the glass fiber to glass fiber junctions, at which point it binds glass fibers together. The flow properties of the binder on the substrate are one component of understanding the effect of fiber sizing and the mechanism of fiber to fiber bonding. It is well known that the viscosity of a polymer solution decreases with increasing temperature and decreasing polymer concentration. Therefore, at constant temperature, it is important to optimize the solution concentration to achieve proper flow on the fiberglass surface. The concentration of the binder droplet can be optimized such that flow is maintained without excessive water. The presence of excess water will increase the amount of energy expended in the curing oven that otherwise could have been directed towards cure. Alternative methods that may improve flow properties such as surfactants also offer opportunities for better binder coverage and ultimately improved binder properties.
The glass surface of a typical untreated fiberglass is basic. It is prepared from a molten mixture containing mostly silica and approximately 7 weight % calcium oxide and 15 weight % sodium oxide (Rowe, 1977) . As stated previously, the binder is presumed to flow along the basic fibers and with the assistance of an adhesion promoter, joins two glass fibers. 
Figure 7 CROSSOVER TIME METHOD FOR
DETERMINING CURE TIME. Curves for two acrylic systems are plotted. The crosslinking system shows a crossover time around 2100 s. In the noncrosslinking systems properties build with time due to dry down, but G'-G" crossover never occurs.
chemical model of the glass fiber junction is shown in Figure  9 . Examination of glass beads and unbonded fiberglass, free of a thermoset formulation, suggest that soda glass beads are an excellent surrogate for unsprayed freshly formed glass fibers. When coated with a binder formulation, the mechanical properties of cast, bonded glass beads reflect that of bonded fiberglass. Typically, the beads are cast into a bar containing 5-7 weight % of an acrylic thermoset binder and about 0.5 weight % of (3-glycidoxy-propyl)trimethoxysilane) based on binder solids. The bars are then dried and cured at 200°C for one hour. The flexural strength is then determined. Micrographs of the glass bars show that the binder coats the glass surface, as shown in Figure 10 . Energy Dispersive X-Ray Spectroscopy (EDX) was used to map the carbon and silicon concentrations on a cross section of a polymer-glass composite. The relative carbon and silicon concentrations are displayed in red and green, respectively, over the secondary electron image in Figure 10 . Previously, we reported that casting of acrylic thermoset-glass bead bar composites probed the interfacial properties offered by various silanes (Clamen, 2003) .
It is believed that any degradation at the interface would serve to weaken the flexural strength of the glass bars. Therefore, this surrogate offers a probe of the long term degradation of binder-fiberglass mechanical properties. It has been reported previously that glass surfaces absorb water. The water is rendered alkaline at the surface due to the metal oxides or non silica content of the unsized glass. Water at the interface is capable of degrading the silane-binder glass interface, thus weakening the composite.
Another method of testing thermosetting resins is through tensile testing on roll-coated glass fiber filter paper. A method used in the glass mat industry is dry and wet tensile strength of roll coated and cured glass fiber filter paper. The protocol involves diluting the binder to 5-6 % solids. Then, glass microfiber filter paper sheets (20.3 x 25.4 cm, Cat No. 1820 866, Whatman International Ltd., Maidstone, England) are dipped in the binder solution and run through a roll padder with a roll pressure of 10 lbs. The coated sheets are then dried at 90°C for 90 sec. in a Mathis oven. Post drying weight is determined to calculate binder add-on. Typical add-on values are 12 %, dry binder weight as a percentage of filter paper weight. Dried sheets are then cured in a Mathis oven at 190°C for 30, 60 and 180 seconds. These times were chosen to represent marginal cure, target cure time and full cure, respectively. If one considers the cure process in its totality a cure profile can be constructed. That profile is depicted in Figure 5 , by the black step function labeled Mathis oven. The curing conditions mimicked by roll coating and curing glass fiber filter paper closely tracks that of fiberglass production.
The use of glass fiber filter paper is an imperfect surrogate. A comparison of the microstructure of building insulation and glass fiber filter paper is shown in Figure 11 . These images were obtained via scanning electron microscopy and illustrate differences in average size and size distribution of the glass fibers. Additionally, the process of producing glass fiber filter paper results in a material with some residual organic residue (ca. 1.5% weight percent) and glass surfaces which are less leachable in water. Nonetheless, the ease of handling in the lab and simplicity of sample preparation make fiber glass filter paper a useful surrogate for laboratory tests. An example of this test's utility can be seen in a study of the effect of pH on acrylic thermoset cure.
To study the effect of pH on cure, filter paper samples were prepared and cured as described previously. The cured sheets
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Figure 10 EDX (LEFT) AND SEM (RIGHT) IMAGES OF GLASS SAND BARS CAST WITH ACRYLIC BINDERS.
On the left, silicon is shown in green and carbon in red on a bar cast with 1 mm diameter glass beads.
Both surfaces are from deliberate cross-sectional cuts, not fracture surfaces were cut into 1 inch (cross machine direction) by 4 inch (machine direction) strips and tested for tensile strength in the machine direction in a Thwing-Albert Intelect 500 tensile tester. The fixture gap was 2 inches and the pull rate was 2 inches/minute. Strips were tested either "as is" (dry tensile) or immediately after a 30 minute soak in water at 85°C (10 min and 30 min wet tensile, respectively.) Tensile strengths were recorded as the peak force measured during parting. Data reported are averages of seven test strips. Figure 12-14 show how the effect of pH on the cure of acrylic thermosets can be determined using this method. Data are reported in pounds of force at break; means and 95% confidence intervals are calculated from seven measurements.
Summary
Acrylic thermosets provide a green alternative to formaldehyde based resins. Moving to safer, greener technologies such as acrylic thermosets necessitate revisiting many aspects of existing processes, e.g. the fiberglass building insulation process. A working hypothesis is presented in which the temperature, %solids and extent of reaction are all key parameters which vary along the process. Isothermal rheology is a useful tool for measuring the cure kinetics and G"-G' crossover time serves as a useful indicator of cure speed. Interfacial effects are emphasized in sandbar testing, which can be used to probe the strength of the interface between binder and substrate. Surface tension is expected to be key contributor to binder performance, and a method of modeling binder-fiber interactions is reported. Glass fiber filter paper tensile testing offers an imperfect substrate surrogate but one which is highly amenable to laboratory testing. While each test method is limited in scope and utility, taken in aggregate they serve as a useful tool for predicting binder performance on the plant scale. 
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